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Background: The reactive center loops (RCL) of serpins undergo large
conformational changes triggered by the interaction with their target protease.
Available crystallographic data suggest that the serpin RCL is polymorphic, but
the relevance of the observed conformations to the competent active structure
and the conformational changes that occur on binding target protease has
remained obscure. New high-resolution data on an active serpin, serpin 1K from
the moth hornworm Manduca sexta, provide insights into how active serpins are
stabilized and how conformational changes are induced by protease binding.
Results: The 2.1 Å structure shows that the RCL of serpin 1K, like that of active
α1-antitrypsin, is canonical, complimentary and ready to bind to the target
protease between P3 and P3′ (where P refers to standard protease
nomenclature)’. In the hinge region (P17–P13), however, the RCL of serpin 1K,
like ovalbumin and α1-antichymotrypsin, forms tight interactions that stabilize
the five-stranded closed form of β sheet A. These interactions are not present
in, and are not compatible with, the observed structure of active α1-antitrypsin. 
Conclusions: Serpin 1K may represent the best resting conformation for
serpins — canonical near P1, but stabilized in the closed conformation of β sheet
A. By comparison with other active serpins, especially α1-antitrypsin, a model is
proposed in which interaction with the target protease near P1 leads to
conformational changes in β sheet A of the serpin.
Introduction
Serpins are protease inhibitors that promote both inhibi-
tion and clearance of target proteases [1]. Serpins form
exceptionally tight interactions with their target protease.
Nevertheless, they are suicide-substrate inhibitors, and
are found cleaved and inactivated upon release from the
protease [1–3]. Serpins exhibit conformational polymor-
phism. The reactive center loop (RCL), which is known
to interact with the target protease, is found either on the
surface, and is therefore accessible, in the active form [4],
or buried and inserted as the central strand of the largest
β sheet (sheet A) [5], forming s4A (the fourth strand in
sheet A). The insertion of the strand s4A can occur spon-
taneously to form ‘latent’ serpins [6–8], or upon on cleav-
age and inactivation [5].
In each of the three active serpins studied crystallo-
graphically [9], the conformation of the RCL is unique. In
α1-antichymotrypsin [10], like in the non-inhibitory serpin
ovalbumin [11], the RCL is partially helical. In contrast,
in α1-antitrypsin [12,13] the RCL adopts a ‘canonical’
[14,15] structure that is preformed to interact with the
target protease. These inhibitors do not posssess s4A.
Near the hinge point [16], where s4A begins to form in
cleaved serpins (P17–P13; counting back along the sequence
primary recognition site P1), α1-antichymotrypsin and oval-
bumin residues adopt similar conformations and are bound
to a surface groove of the inhibitor. In α1-antitrypsin,
these residues are on the surface, but they make few
interactions with the body of the protein. In antithrom-
bin, s4A is partially formed [17,18]. Because of the poly-
morphism in the observed active structures, the significance
of each conformation to the inhibitory mechanism has
been unclear. 
A body of data suggests that the conformation of the RCL
changes upon complex formation to become inserted as
s4A. Mutations in residues that form s4A often reduce the
inhibitory potency of serpins [19]. Further, cross reactivity
of antibodies raised against cleaved serpins toward com-
plexes [20] and the higher stability of complexes in denat-
urant [21] suggest that complexes are more similar in
structure to cleaved and latent serpins than to the circulat-
ing active form. Fluorescence energy transfer data [22,23]
indicates that the protease is bound near the center of the
serpin in complexes, suggesting partial formation of s4A.
On the other hand, N-terminal labeling studies have sug-
gested that a covalent acyl adduct is present in complexes
[24]. This might imply that s4A is fully inserted, as in
cleaved serpins [3].
Serpin 1K is a chymotrypsin inhibitor and is one of 12
serpins found in the hemolymph of the hornworm moth
Manduca sexta [25,26]. Serpins may be involved in the
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immune response in insect hemolymph. All of the Manduca
sexta serpins are encoded by the same gene, and the
message for each is produced by alternative splicing of the
final exon. This exon encodes the RCL and two strands
of sheet B. Crystals of active serpin 1K diffract to high res-
olution (2.1 Å). Here, we find that serpin 1K has a canon-
ical structure at the reactive center, as is observed in
α1-antitrypsin, whereas hinge residues (P17–P13) adopt the
position and conformation observed in ovalbumin. Thus,
conformations of the reactive center and hinge that are
conserved and thus likely to be important mechanistically
have now been identified. Using existing structural data,
we suggest a model for how protease–serpin interaction
near the primary recognition site may lead to insertion of
s4A and stable complex formation.
Results and discussion
The structure of serpin 1K (Figure 1a) was solved by mol-
ecular replacement using the structure of chicken egg oval-
bumin as a search model. The final model comprises 376 of
the 379 residues of serpin 1K and 115 water molecules. The
model does not include the incorporated N-terminal six-
histidine tag. The R factor is 19.9% (Rfree = 26.0%; Table 1)
to 2.1 Å resolution. Active serpin 1K superimposed with
321 atoms of active α1-antitrypsin (as defined by local dis-
placement of less than 2.5 Å) with a root mean square
(rms) deviation of 1.57 Å (Figure 1b). Serpin 1K superim-
posed less well with 253 corresponding atoms in latent
plasminogen activator inhibitor-1 (PAI-1) (rms deviation,
2.0 Å; Figure 1c), the greater difference being due to the
additional strand (s4A) in sheet A of PAI-1. The 2.1 Å
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Figure 1
The overall fold of serpins. (a) Ribbon diagram
of serpin 1K drawn using the program
MOLSCRIPT [40] and rendered by POV-Ray
version 3.01. The RCL is shown in gold.
Helices are in purple, and sheets A, B, and C
are in light magenta, medium magenta, and
dark magenta, respectively. (b) Superposition
of serpin 1K (gold reactive center, purple
elsewhere) and α1-antitrypsin (red reactive
center, magenta elsewhere) using
corresponding Cα atoms drawn using the
program SETOR [41]. Sheets B and C, and
strands 5A and 6A were superimposed. Helix
D from serpin 1K and α1-antitrypsin are
highlighted in dark purple and pink,
respectively. (c) Stereoview superposition of
serpin 1K (blue) and latent PAI-1 (magenta)
using corresponding Cα atoms drawn using
SETOR [41]. Sheets B and C and strands 5A
and 6A were used in the superposition.
electron-density map for serpin 1K in the region of the
hinge at the top of sheet A is shown in Figure 2.
The RCL between P12 and P5′
The RCL is composed of residues Glu337 (P17) to Val358
(P5′); see Figure 1a. The entire RCL is visible in the elec-
tron-density map; the average B factor for the most exposed
residues (P10–P3′) is 65 A2. Serpin 1K resembles low mol-
ecular weight serine-protease inhibitors, assuming the
‘canonical’ conformation in the reactive center that is com-
plementary to the active site of the target protease: Cα
atoms of residues between P3 and P3′ superimpose with the
corresponding residues of turkey ovomucoid inhibitor
(Brookhaven Protein Data Bank [PDB] entry 1ovo) with an
rms deviation 0.7 Å. The canonical shape appears to be sta-
bilized by two hydrogen bonds involving Thr352Oγ (P2):
one to Ser354N (P1′–2.7 Å), and the second to Ser354Oγ
(3.0 Å; Figure 3a). Further stabilization may derive from
two hydrophobic clusters formed by Lys349 (P5) and
Thr351 (P3) on one face of the extended RCL and Phe348
(P6) and Ile350 (P4) on the other. The P6/P4 cluster forms
a lattice contact (discussed below). However, the con-
servation of hydrophobic residues in positions P6 and P4
(Figure 4) suggests that the observed canonical structure
and hydrophobic cluster may occur in other serpins. The
RCL between Glu341(P13) and Ala347 (P7) forms two well-
resolved reverse turns, although these residues make no
interactions with the body of the serpin. The neighboring
sheet B/sheet C barrel is highly charged, which perhaps
prevents the RCL from interacting there (Figure 3a).
The hinge (P17–P13)
Residues Glu337–Ala341 (P17–P13) lie in a surface groove
comprised of the turn ts3AhF1 (the turn following s3A
and preceding helix F1, nomenclature described in
[2]). The base of the groove is formed by Trp184, a con-
served residue in serpins (Figures 2 and 5). The hinge
and ts3AhF1 make an intricate network of hydrogen-
bonding interactions. To form hydrogen bonds between
Glu338O–Trp184N and Ala340N–Trp184O, a glycine is
required at position P15 (Gly339). The interactions made
by the hinge in serpin 1K are present in ovalbumin [11]
and α1-antichymotrypsin [10], but not in active α1-anti-
trypsin [12] or antithrombin [18]. 
Lattice contacts made by the RCL
The RCL makes two lattice contacts; the main contact is
formed by the C terminus of the reactive center between
Tyr353 and Val358 (P1–P5′), which straddles helix E of a
neighboring molecule (large L in Figure 3a). Phe355
(P2′) and Tyr353 (P1) contact helix E of the neighbor,
and Phe357 (P4′) contacts Val62′ in thBhC of the neigh-
bor. In the second contact, Phe348 and Ile350 (P6 and
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Table 1
Data collection, processing and refinement statistics.
Data collection and processing
Area detector Raxis IIC image plate
Wavelength (Å) 1.5418
Temperature (K) 277
Resolution (Å) 2.1
Total reflections 43,967
Unique reflections 20,609
Completeness (%; last shell) 93.9 (66)
Multiplicity 2.0
Intensities I/σ (last shell) 9.0 (2.4)
Rmerge 0.07
Refinement
Number of reflections (F > 1σ) 20,404 (20–2.1 Å)
Number of nonhydrogen protein atoms 2958
Number of water molecules 115
Rfree (%) 26.0
Rcrystal (%) 19.9
Rmsd bond lengths (Å) 0.01
Rmsd bond angles (°) 1.36
Average B values (Å2) 31.2
Figure 2
Electron-density map showing the top of sheet A, s5A and s3A, the
turn following s3A, ts3As4C, and the RCL residues Glu338–Glu341
(P17–P13). The map is contoured at 1.0σ and drawn in BOBSCRIPT
[42]. The map was calculated in CCP4 with sigmaA weighted [35,36]
coefficients and model-derived phases for diffraction data between 20
and 2.1 Å. Two water molecules (W1 and W2) that lie in the path of
s4A are shown as cyan spheres. W3 is bound to Gly339 (P15).
P4), which form the hydrophobic cluster described above,
pack on Pro76′′ in thChD of a third molecule (small L in
Figure 3a). Residues Ala342–Ala347 (P12–P7) at the begin-
ning of the RCL make water-mediated interactions with
neighboring molecule.
Hydrogen bonding in sheet A
Although s4A is not present in serpin 1K, s3A and s5A are
not fully hydrogen bonded. Instead, two water molecules
(W1 and W2) bridge between Gly182 in s3A and Glu334
in s5A. The last residue, Asn336 (P18), in s5A forms hydro-
gen bonds with Trp184Nε1 (2.8 Å) and W1 (Figure 2).
The incomplete β sheet hydrogen bonding may facilitate
insertion of strand 4A upon cleavage of the reactive center
or upon complex formation. Similarly positioned water
molecules are present in ovalbumin (PDB entry 1ova).
Stabilization of the active conformation
The conformational transition that leads to formation and
insertion of s4A involves large movements of s3A, s2A,
and helix D [27] (Figure 1c). The hinge region (P17–P13)
of the RCL of serpin 1K interacts with ts3AhF1, and
maintains s3A, s2A and helix D in the active conformation.
P16 contacts Ser183, in s3A, directly stabilizing s3A. Further,
ts3AhF1, ts2Bs3B (a turn in sheet B), and thDs2A (the
turn following helix D) form numerous hydrogen-bonding
interactions (Figure 5). Large differences in conformation
in this region are present in active versus strand-inserted
forms of serpins. For example, Gly236, a highly con-
served residue in ts2Bs3B, assumes a left-handed config-
uration in serpin 1K (φ > 0; Figure 5), but is right-handed
in latent PAI-1. Also, Val92 (in thDs2A) is non-helical in
serpin 1K, and fills the pocket walled by helix D, helix E
and s2A; but the corresponding residue in PAI-1 (Ile100)
is part of helix D, and packs against sheet B, a shift of 5 Å
(not shown). Thus, the RCL is directly involved in stabi-
lizing the region of the structure that changes upon
strand insertion.
Comparison of serpin 1K, active a
1
-antitrypsin, and other
serpins
Some features of the RCL of serpin 1K are observed in
other active serpins. Serpin 1K and α1-antitrypsin [12]
are similar near P3–P3′, where both assume a canonical
structure. However, the RCL of serpin 1K is further from
the surface of the B–C barrel in serpin 1K (Figure 3).
This difference appears to be the result of an insertion of
two residues at P2′ relative to α1-antitrypsin, and because
α1-antitrypsin forms stabilizing interactions with the B–C
barrel not present in serpin 1K. Serpin 1K resembles
α1-antichymotrypsin and ovalbumin in the hinge (P17–
P13), however. The hinge stabilizes the five-stranded
closed form of sheet A in these three serpins, as dis-
cussed above. In contrast, in α1-antitrypsin the hinge
does not contact the body of the serpin, and is instead
extended above sheet A (Figure 6a,b). The hinge adopts
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Figure 4
Structure-based sequence alignment of serpin
RCLs. Sequence data taken from Huber and
Carrell [2] and from Jiang and Kanost [26].
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Figure 3
Comparison of the surface representations of
serpin 1K and active α1-antitrypsin. (a) The
RCL and a surface representation of the
charged pocket on the surface of the B–C
barrel of serpin 1K drawn using the program
GRASP [43]. The view is rotated
approximately 180° about a vertical axis
relative to Figure 1a. The P3–P3′ site of the
RCL adopts the canonical conformation with
(φ, ϕ) angles of (–140, 179), (–43,152), (–80,
7), (–95, 177), (–135, 111), (–78, 149) in the
sequence of P3–P3′. Lattice contacts,
described in text, are marked as ‘L’. (b) Active
α1-antitrypsin [12] (PDB entry 1psi) shown in
the same view as (a).
a third conformation in antithrombin, where it is inserted
into sheet A (not shown). 
In α1-antitrypsin other contacts are made by the RCL:
Glu354 (P5) forms ionic contacts with the B–C barrel
(Figure 3b), and Phe352 (P7) forms a stacking interaction
with Arg196 in ts3AhF1. The position of the P7 residue of
α1-antitrypsin overlaps with the P13 residue of serpin 1K
(Figures 1b and 3). Thus these two sets of interactions
(between the hinge and ts3AhF1 in serpin 1K, and
between P5 and P7 and the B–C barrel in α1-antitrypsin)
cannot be formed simultaneously.
Docking of active serpin structures with chymotrypsin
The structure of serpin 1K was docked into the active site
of chymotrypsin, assuming that the reactive center occu-
pies a position and orientation similar to that of the Kazal
inhibitor from turkey ovomucoid when bound to chy-
motrypsin. Six residues, P3–P3′, of serpin 1K were superi-
mosed with the corresponding residues of turkey ovo-
mucoid inhibitor (rms deviation 0.7 Å), as noted above.
With this superposition, Tyr353 (P1) fits in the P1 pocket
of chymotrypsin. However, the P6/P4 hydrophobic cluster
overlaps chymotrypsin between residues 217 and 221, in a
surface loop lining the P1 pocket (Figure 6a). In contrast,
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Figure 5
The RCL of serpin 1K. (a) Stereo diagram showing interactions of the hinge (P17–P13) in the RCL with ts3AhF1, thDs2A, and ts2Bs3B. Water
molecules are shown as cyan spheres. (b) Ribbon diagram corresponding to (a). 
Figure 6
Stepwise model for the conformational
changes leading to insertion of s4A induced
by interaction of serpin with the target
protease. P3–P3′ and P17–P13 are shown in
red. P1, P7, P13 and P15 are shown as red,
yellow, blue, and green spheres, respectively.
Chymotrypsin is in gray. Ts3AhF1 and s3C
are in green. (a) The model based on the
structure of serpin 1K, the proposed resting
complex. (b) The model based on the
structure of α1-antitrypsin (PDB entry 1psi),
and is proprosed to represent a Michaelis
complex. The sequence from serpin 1K is
modeled, showing the possible new position
of P4, P5, P7 and P13 when the complex is
formed. Note that P7 in α1-antitrypsin
occupies nearly the same space as P13 in
serpin 1K, proximal to an aspartic acid
(Asp186) in ts3AhF1.
the same docking experiment with α1-antitrypsin pro-
duces no such steric overlap (Figure 6b). Thus, we specu-
late that the interaction with protease, by destablizing the
P6/P4 hydrophobic cluster, may make the RCL conforma-
tion observed in α1-antitrypsin more favorable.
A model for the link between complex formation and
strand insertion
Several biochemical studies have suggested that s4A is
formed in serpin–protease complexes, as discussed above.
How does the interaction of serpin with protease, which
occurs at a distance from sheet A, promote the insertion of
s4A? The different structures of active serpin 1K, active
α1-antitrypsin, and active antithrombin suggest a mecha-
nism for the trigger for the formation of s4A, assuming that
each conformation represents a stage in the formation of
complexes with the target protease. We speculate that the
structure of serpin 1K may represent the resting, uncom-
plexed state of serpins (Figure 6a). In active serpin 1K the
closed conformation of sheet A is stabilized by interactions
of the hinge, including a conserved glycine (P15), that are
bound in a conserved surface groove formed by Trp184
and ts3AhF1. At the reactive center, serpin 1K has a con-
formation complementary to its target protease. However,
model building (described above) suggests that a P6/P4
hydrophobic cluster must be displaced on interaction with
the target protease. We further speculate that the struc-
ture of α1-antitrypsin may represent an intermediate con-
formation induced by the interaction with the protease
(Figure 6b). In α1-antitrypsin, close contacts are made by
P5 and P7 and the sheet B/sheet C barrel and ts3AhF1.
However, to form these interactions, the stabilizing inter-
actions of the hinge with ts3AhF1 present in serpin 1K
must be displaced (note that P13 in the hinge of serpin 1K
(Figure 6a) occupies a similar position to P7 in α1-antit-
rypsin (Figure 6b)). Thus, it may be that interaction with
the target protease displaces the P6/P4 region, making the
conformation observed in α1-antitrypsin for these residues
energetically more favorable. This, in turn, displaces the
interaction of the hinge with ts3AhF1. According to this
model, conformational changes are propagated down the
RCL from the site of interaction with protease at P3–P3′ to
the hinge through a set of displacements. As discussed
above, the hinge stabilizes the active structure and loss of
these interactions should make strand insertion proceed
more easily. The structure of antithrombin, with s4A par-
tially formed, may represent a third stage in complex
formation (not shown).
Our model for the mechanism of the propagation of con-
formational changes in the serpin does not address the
structure of stable complexes, or whether complexes are in
any way covalent [24,28,29]. Cross-linking and fluores-
cence energy transfer experiments [22,23] carried out on
complexes suggest that the protease is bound near the top
of sheet A. On the other hand, labeling experiments [24]
suggest that s4A is fully inserted in complexes, as is the
case in cleaved serpins [3]. We look forward to further
structural data that can resolve these questions.
Biological implications
Serpins are protease inhibitors that promote both the
inhibition and clearance of target proteases. Conforma-
tional changes that make serpins particularly tight
binding suicide-substrate inhibitors are essential to their
mechanism of action. The changes involve insertion of
the reactive center loop (RCL) of the serpin near the
hinge (P17–P13), to form the central strand of β sheet A.
The data presented here, together with other structural
data on the structure of active serpin 1K from Manduca
sexta, suggest a model for the mechanism by which these
conformational changes are induced. In serpin 1K, the
RCL from P3–P3′ is canonical and therefore able to
interact with the target protease; the hinge region of the
RCL is involved in interactions that stabilize β sheet A.
In α1-antitrypsin, β sheet A is not stabilized by the hinge.
The RCL observed in serpin 1K may represent the
resting conformation, whereas the RCL of α1-antit-
rypsin may represent an intermediate in which β sheet
A is destabilized. Modeling suggests that a displacement
reaction initiated by interaction of the target protease
with P4, and involving P7, P13, and P15 may induce a
conformational change in the RCL found in serpin 1K
to that observed in α1-antitrypsin. This may destabilize β
sheet A, thereby facilitating strand insertion.
Materials and methods
Expression and purification
Manduca sexta serpin 1K cDNA was inserted into the NcoI–PvuII sites
in H6pQE-60 to make a vector encoding the sequence Met-His6-Ala-
Met-Ala at the N terminus, followed by the sequence for serpin 1K [30].
This vector was transformed into Escherichia coli XL1-blue. Cultures
were grown in 2 × YT medium [31] at 37°C for 3–4 hours, to A600 of
0.7–0.9. Induction with 1 mM IPTG was followed by 6 hours incubation
at 30°C. Cells were centrifuged and resuspended in sonication buffer
(50 mM sodium phosphate, pH 8.0, 0.2 M NaCl). Flash-frozen cells
were thawed and incubated on ice with 1 mg/ml lysozyme and 0.3%
NP-40 detergent. Sonicated lysate was loaded onto a Ni2+-NTA agarose
(Qiagen) in a 50–250 mM imidazole gradient in 50 mM sodium phos-
phate, pH 6.0, 0.2 M NaCl and 2 mM β-mercaptoethanol. The fractions
containing serpin 1K were further purified on Mono Q (Pharmacia HR
10/10) using 0.05 M–0.5 M NaCl in 20 mM Tris-HCl, pH 7.6, 1 mM
dithiothreitol (DTT). Finally, isoelectronic focusing on Mono P (Pharma-
cia 5/20) yielded a single peak at pH 4.6. The purified protein was con-
centrated and stored in 0.1M MES buffer, 0.1 M NaCl, 1 mM EDTA,
5 mM DTT, pH 6.0. The activity was assayed by inhibition of the activity
of bovine α-chymotrypsin (Sigma) and sodium dodecyl sulphate (SDS)
stable complex formation.
Crystallization
Crystallization conditions were identified in Hampton crystallization
screens (Riverside, CA) [32]. Large crystals were obtained at 21°C by
vapor diffusion, mixing equal volumes of protein (4 mg/ml) and well
solution (28% PEG6000, 1.2 M NH4Cl, 1mM EDTA, 5mM DTT, 100
mM MES, pH 5.8). Rod-shaped crystals grew within a few days. The
crystals belong to spacegroup C2 (a = 126.0 Å, b = 42.1 Å, c = 76.1 Å,
β = 117.60°) with one molecule per asymmetric unit and approximately
35% solvent.
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Data collection and processing
Diffraction data was collected at 277°K on a Raxis IIC image-plate detec-
tor mounted on a Rigaku RU200 rotating-anode source operated at
50 kV, 100 mA, with double-mirror focused CuKα radiation. Data were
processed and scaled using the programs DENZO and SCALEPACK
[33]. A summary of the data-processing statistics are given in Table 1.
Structure determination and refinement
Initial phases were calculated from a molecular-replacement (program
AmoRe [34]) solution obtained using chicken egg ovalbumin [11]
(PDB entry 1ova) as the search model. Ovalbumin shares only 26%
sequence identity with serpin 1K, but nevertheless gave a 6.2σ peak in
the rotation function, and a 4.6σ peak in the translation function. The
resulting map, calculated using SigmaA [35] weights with REFMAC in
the CCP4 suite [36] revealed traceable electron density for the entire
molecule. The model was built in the program O [37]. The structure
was refined in the program X-PLOR [38] using molecular dynamics
and energy minimization on data between 8 and 2.1 Å. Once Rfree was
below 35%, individual B factors were refined. A bulk solvent correction
allowed the inclusion of data between 30 and 2.1 Å. The peptide
torsion angles fall within most favored or generally allowed regions of
the Ramachandran plot, as defined in the program PROCHECK [39].
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